Background {#Sec1}
==========

Life expectancy in all countries of Western Europe has increased substantially over recent decades, primarily due to important decreases in mortality rates for death in middle age \[[@CR1]\]. Within the European Union (EU27, 27 countries in the European Union), male age expectancy at age 40 ranges from 71 in the Baltic countries to around 80 in Mediterranean Europe, UK, and Sweden \[[@CR2]\]. For women at age 40, the range is from 79 years in Bulgaria and Romania, to 86 years in France and Spain. If we define the age range 40--69 as 'middle age' and death occurring in this range as being premature, then about 20 % of men and 11 % of women in Europe (15 countries in the European Union, EU15) who reach the age of 40 can be expected to die prematurely based on current mortality rates \[[@CR2]\].

Studies of premature death require the analysis of very large population cohorts or intervention studies with extensive baseline exposure information on major risk factors and complete mortality data. An alternative is to use a modelling approach, such as that taken by the Global Burden of Diseases (GBD) initiative, whereby estimates of exposure and disease risk from multiple sources are combined and used to approximate the contribution of different exposures to overall mortality and morbidity \[[@CR1]\]. The GBD has estimated that, for Europe, the primary causes of premature mortality, in order of importance, are smoking, dietary risks, high blood pressure, high body mass index (BMI), physical inactivity, and high alcohol consumption. Other important factors are thought to include high cholesterol, high fasting plasma glucose, ambient air pollution, and occupational risks \[[@CR3], [@CR4]\]. While this initiative has resulted in extremely important information, and is the only option for most populations, it has a number of limitations such as the inclusion of data of variable quality from many different sources, and the inability to adjust comprehensively and consistently for other mortality risk factors that may confound the observed relationships. The GBD modelling approach is also usually not able to provide estimates of absolute risk and attributable fractions for important subgroups, e.g. for smokers and non-smokers separately, or for sets of risk factors combined.

To overcome these limitations, we have calculated estimates of the contribution of primary risk factors for premature death in Europe based on individual level data using the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort study, which includes extensive exposure data on all primary risk factors, as well as complete follow-up for vital status, from 265,000 adults in 10 European countries.

Methods {#Sec2}
=======

Selection of risk factors {#Sec3}
-------------------------

Our primary focus was on risk factors that are modifiable at a personal level, which have all been consistently associated with elevated risks of major chronic diseases and subsequent premature death, namely smoking \[[@CR4]--[@CR9]\], unhealthy diet \[[@CR4], [@CR10]--[@CR12]\], high blood pressure \[[@CR4], [@CR9], [@CR13]\], overweight and obesity \[[@CR4], [@CR14]--[@CR18]\], physical inactivity \[[@CR4], [@CR6], [@CR16], [@CR19]--[@CR22]\], and alcohol intake \[[@CR23]--[@CR27]\]. Additionally, we considered total cholesterol to HDL ratio (TC:HDL) \[[@CR28], [@CR29]\] and glycated haemoglobin (HbA1c) \[[@CR4], [@CR30]--[@CR32]\].

Study population {#Sec4}
----------------

EPIC is an on-going multicentre prospective cohort study that recruited approximately 520,000 participants in 10 European countries (Denmark, France, Germany, Greece, Italy, The Netherlands, Norway, Spain, Sweden, and the United Kingdom) from 1992 to 2000. Approximately 70 % were women and most were aged between 35 and 70 years at baseline. A detailed description of the methods employed has previously been described \[[@CR33], [@CR34]\]. Blood samples were collected at baseline according to standardised procedures, and written informed consent for the baseline data collection and follow-up for vital status was provided by all study participants. For this analysis we excluded participants who were ≥ 75 or \< 40 years old when recruited (*n* = 62,775); participants with missing questionnaire information (*n* = 30,048) or blood pressure measurements (*n* = 161,693); and participants with missing follow-up information (*n* = 1908). This analysis therefore included 264,906 participants (172,119 women and 92,787 men) from nine countries (as participants from Norway did not have their blood pressure measured). We also conducted sensitivity analyses including all participants with missing blood pressure to ensure that the estimates for the other covariates remained similar.

Diet, lifestyle and anthropometric information {#Sec5}
----------------------------------------------

At recruitment, lifestyle and dietary questionnaires were used to obtain detailed information on all risk factors. Participants were classified as being never, former or current smokers at the time of interview. Diet and alcohol intake over the previous 12 months were assessed at study baseline using validated country-/centre-specific dietary questionnaires \[[@CR33], [@CR34]\], and alcohol intake was converted into grams of alcohol per day (g/day) by applying empirically derived definitions of standard drinks for each beverage and country. Both occupational and recreational physical activity were assessed via questionnaire using a validated scoring system \[[@CR35]\].

Weight was measured with participants not wearing shoes to the nearest 0.1 kg; while height was measured -- dependent on the study centre -- to the nearest 0.1, 0.5, or 1.0 cm. Waist circumference was measured either at the smallest torso circumference or at the midpoint between the lower ribs and iliac crest. Hip circumference was measured horizontally at the level of the largest lateral extension of the hips or over the buttocks.

Systolic (SBP) and diastolic (DBP) blood pressure was measured on the right arms of participants while in sitting positions by trained personnel at baseline. Two separate readings were performed for each participant using a standard mercury manometer or oscillometric device, except in Denmark and Sweden, where one single measurement was taken in the supine position. To avoid any possible "white-coat" effect, if available, the second reading was used.

Finally, the EPIC Biomarkers sub-cohort of 16,775 randomly-selected participants (10,524 with complete risk factor data for the present analysis) was used to measure levels of circulating cholesterol (TC:HDL ratio) and HbA1c as a marker of average plasma glucose concentration. Total cholesterol and HDL-C levels were measured from serum (plasma for Umea, Sweden) using the Cobas® homogeneous enzymatic colorimetric test assay. HbA1c was measured from red blood cell fraction using the Tosoh (HLC-723G8) ion exchange high-performance liquid chromatography assay.

Assessment of mortality {#Sec6}
-----------------------

Data on vital status and the cause and date of death were collected at the EPIC study centres using record linkages with cancer registries, boards of health and death indices, or through active follow-up. End of follow-up was defined as the latest date of complete follow-up for vital status, which was between 2008 and 2010 dependent on study centre.

Definition of premature mortality {#Sec7}
---------------------------------

We provide estimates of the contribution for various risk factors to the risk of dying before 70 years of age, conditional on surviving to age 40 years. We additionally provide these estimates for death prior to ages 65 and 75 years in Additional file [1](#MOESM1){ref-type="media"}: Table S3 and Additional file [2](#MOESM2){ref-type="media"}: Table S4.

Statistical methods {#Sec8}
-------------------

Participants were classified as never, former, or current smokers. Alcohol consumption was modelled using the following categories (standard drinks/day, with a standard drink defined as 10 g of alcohol): 0, 0--0.5, 0.5--1, 1--2, 2--6, 6--10, and \> 12 (men only). The dietary score used was an adapted version of the WCRF/AICR score \[[@CR11]\], including the intakes of (1) energy dense foods/sugary drinks, (2) plant foods (fruits/vegetables/dietary fibre), and (3) animal foods (red and processed meat). The derived dietary score was categorised into four groups: unhealthy, moderately unhealthy, moderately healthy, and healthy. Full details of dietary score derivation can be found in the Additional file [3](#MOESM3){ref-type="media"}: Methods. Occupational and recreational physical activity were combined and categorised into four groups ("The Cambridge Index") -- inactive, moderately inactive, moderately active and active. BMI was calculated as kg/m^2^ and categorised as \< 20, 20--21.9, 22--24.9 (reference), 25--29.9, 30--34.9, and ≥ 35. We constructed five categories of waist-hip ratio (WHR) by splitting the distribution at its sex-specific quintiles. Blood pressure was categorised into clinical cut-points: normal (SBP \< 120 mm Hg and DBP \< 80 mm Hg); pre-hypertension (SBP ≥ 120 mm Hg or DBP ≥ 80 mm Hg); hypertension 1 (SBP ≥ 140 mm Hg or DBP ≥ 90 mm Hg); and hypertension 2 (SBP ≥ 160 mm Hg or DBP ≥ 100 mm Hg) \[[@CR36]\]. Sex-specific fourths were created for both TC:HDL and HbA1c.

Hazard ratios (HR) and 95 % confidence intervals (CI) for all-cause mortality were estimated using flexible parametric survival models on the cumulative hazards scale \[[@CR37], [@CR38]\], which -- in addition to the HR -- allow direct estimation of the conditional cumulative hazard function, and thus absolute risks of death. Within these models we employed restricted cubic splines with three internal knots to model the baseline hazard using attained age as the time-scale. Separate models were fitted for men and women, as well as for both sexes combined. All models included age at baseline, smoking status, dietary score, alcohol intake, physical activity, blood pressure, and either BMI or WHR. Finally, we considered models that also included the TC:HDL ratio or HbA1c in the sub-cohort which had these measures available. We present HRs and CIs for premature mortality estimated using models fit to follow-up data censored at 70 years of age. We investigated non-proportional hazards by fitting interactions between covariates and the time-scale (attained age), and the final models allowed the parameters for smoking status to vary over time. We also examined whether there were any important interactions between pairs of covariates by comparing models with and without interaction terms using the likelihood-ratio test.

Model-based survival functions and their CI were obtained from fitted models at specific combinations of covariate values. These survival functions were conditional on surviving until age 40 years. We also calculated attributable fractions (AFs) for each covariate based on the predicted survival functions evaluated at age 70. These AFs rely on the comparison between the expected survival at age 70 under the following scenarios: (1) the observed distribution of risk factors in the cohort and (2) an alternative, reference (counterfactual) distribution of risk factors corresponding to the removal of a specific risk factor or set of risk factors. For most risk factors, the reference distribution was simply set so each member of the cohort was "unexposed" to the risk factor, or in the category of the risk factor associated with the lowest risk of death. These attributable risks thus represent a "best-case", in that they are calculated based on a hypothetical reference population with risk factors removed entirely. For smoking, the reference distribution was a cohort of never smokers. For most risk factors the reference distribution was similarly defined, i.e. normal blood pressure, most healthy diet, physically active, and lowest category of WHR. For BMI, the reference distribution was set to 22--25 for all participants with a BMI above 22, and left unchanged for those with a BMI \< 22. The reference distribution for alcohol intake was a population that drinks no more than one or two standard drinks per day. Thus, the reference distribution removes the excess risk associated with drinking more than two drinks per day, without removing the apparent excess risk from consuming less than one drink per day or abstaining. See Additional file [3](#MOESM3){ref-type="media"}: Methods for technical details of the AF calculations. All statistical analyses were conducted using Stata version 12.1 and R version 3.1.2.

Results {#Sec9}
=======

Among the 264,906 EPIC participants (172,119 women and 92,787 men) with complete baseline and follow-up data who were included in this analysis, we identified 11,930 premature deaths (i.e. before the age of 70) during a median follow-up of 11.5 years. These deaths were predominantly due to cancer (5907, 50 %) and circulatory diseases (2580, 22 %). Survival functions for men and women in our study sample are presented in Additional file [4](#MOESM4){ref-type="media"}: Figure S1. Survival to age 70 was somewhat higher in EPIC (93 % for women and 86 % for men) than that expected based on the general European population (89 % for women and 80 % for men, calculated based on mortality rates from the EU15) \[[@CR2]\]. After accounting for sex and smoking status, the survival functions were similar across all countries, with the exception of Italy and France, which had higher survival in each of the sex/smoking strata (Additional file [5](#MOESM5){ref-type="media"}: Figure S2). The distributions of the risk factors are presented in Table [1](#Tab1){ref-type="table"}. The number of participants by country and sex are presented in Additional file [6](#MOESM6){ref-type="media"}: Table S1 and the distribution of covariates by country is presented in Additional file [7](#MOESM7){ref-type="media"}: Table S2.Table 1Baseline and covariate distributions in the EPIC cohort: overall, for premature deaths (prior to age 70 years), and by sexAllSexTotalPremature deathsMaleFemalen = 264,906%*n* = 11,930%*n* = 92,787%*n* = 172,119%Age at baseline, years40--5067,2292515971321,2702345,9592750--60124,5574773026144,4414880,1164760--7064,6402430312523,4922541,14824SmokingNever smoker121,7434633652826,4622995,28155Former smoker79,3913034892937,9674141,42424Current smoker63,7722450764328,3583135,41421Blood pressureNormal54,9352117931511,2531243,68225Pre-hypertension102,2633940233435,8443966,41939Hypertension 172,4292737113130,4813341,94824Hypertension 235,2791324032015,2091620,07012BMI (kg/m^2^)\< 2012,001566561447210,554620--21.930,376111244105443624,9331422--24.9 (reference)77,6802931272624,9842752,6963125--29.9 (overweight)103,3793946023946,3925056,9873330--34.9 (obese)32,2701216721412,3911319,8791235+ (very obese)9200362052130270704Waist-to-hip ratio\
(sex-specific fifths)157,3362219601619,0002038,33622252,6882021021821,9852430,70318359,9662323722018,5172041,44924445,0661722001814,8441630,22218549,8501932962818,4412031,40918Alcohol intake (drinks/day)032,826121598135941626,885160--0.578,8713030542616,7481862,123360.5--142,1581615801313,2551428,903171--250,9041920731720,5502230,354182--652,4682027412329,8603222,60813\> 6 (women), 6--10 (men)6683369065437612461\> 10 (men)99601942996100DietUnhealthy22,346817461512,6171497296Moderately unhealthy112,9654357924948,2385264,72738Moderately healthy77,1102928002320,5152256,59533Healthy52,4852015921311,4171241,06824Physical activityInactive61,7712331552618,6582043,11325Moderately inactive88,9073437533129,0623159,84535Moderately active60,5482325312122,0152438,53322Active53,6802024912123,0522530,62818All10,52410046910038991006625100Total to HDL cholesterol ratio\
(sex-specific fourths)\< 3.79 (men), \< 3.09 (women)2530247316933241597243.79--4.64 (men), 3.09--3.76 (women)2531249620921241610244.64--5.73 (men), 3.76--4.69 (women)25172411825920241597245.73 + (men), 4.69 + (women)2503241593492324158024missing443423520252414Glycated haemoglobin (%) (sex-specific fourths)\< 5.26312130120261154301967305.26--5.54 (men), 5.26--5.44 (women)254324100211156301387215.54--5.72 (men), 5.44--5.72 (women)2354229620619161735265.72 +2399231423093424146522missing1071112361711

Hazard ratios {#Sec10}
-------------

The HRs for premature mortality are presented in Table [2](#Tab2){ref-type="table"}. After mutual adjustment for all risk factors, over a two-fold greater risk was observed for current smokers when compared with never smokers for both men (HR, 2.54; 95 % CI, 2.36--2.73) and women (HR, 2.14; 95 % CI, 2.01--2.29), with former smokers having an intermediate risk. When compared with the physically inactive group, being physically very active was associated with substantially lower mortality rates for men (HR, 0.73; 95 % CI, 0.68--0.78) and women (HR, 0.69; 95 % CI, 0.64--0.76). Men and women with a 'healthy' diet had 22 % (HR, 0.78; 95 % CI, 0.69--0.88) and 25 % (HR, 0.75; 95 % CI, 0.67--0.83) lower mortality rates, respectively, when compared with the 'unhealthy' diet groups. J-shaped relationships between alcohol consumption at baseline and mortality were observed for men and women, with the highest mortality rates found for the highest consumers (\>6 drinks/day for women; HR, 1.63; 95 % CI, 1.31--2.04 and \> 10 drinks/day for men; HR, 2.38; 95 % CI, 2.02--2.79) when compared with the moderate alcohol consumption reference group (1--2 drinks per day). For BMI (unadjusted for WHR), when compared with the 22--24.9 reference group, higher mortality rates were observed for the extreme high (35+: men, HR, 1.77; 95 % CI, 1.50--2.09; women, HR, 1.40; 95 % CI, 1.20--1.63) and low (\<20: men, HR, 1.76; 95 % CI, 1.54--2.01; women, HR, 1.55; 95 % CI, 1.38--1.75) BMI groups. For WHR (unadjusted for BMI), when the highest and lowest fifths were compared, 39 % (HR, 1.39; 95 % CI, 1.28--1.51) and 52 % (HR, 1.52; 95 % CI, 1.39--1.65) higher premature mortality rates were observed for women and men, respectively. Participants with hypertension also had higher premature mortality rates than those with normal blood pressure levels, with an increasing gradient for hypertension level 1 (HR, 1.17; 95 % CI, 1.09--1.25) and level 2 (HR, 1.52; 95 % CI, 1.40--1.64).Table 2Hazard ratios and confidence intervals for death prior to age 70 years in the EPIC cohortOverallWomenMenModel 1Model 2Model 1Model 2Model 1Model 2HR(95 % CI)HR(95 % CI)HR(95 % CI)HR(95 % CI)HR(95 % CI)HR(95 % CI)Smoking statusNever1.001.001.001.001.001.00Former1.39(1.32--1.46)1.37(1.30--1.43)1.30(1.21--1.39)1.29(1.20--1.38)1.47(1.36--1.58)1.43(1.32--1.54)Smoker2.38(2.27--2.50)2.36(2.25--2.48)2.16(2.03--2.30)2.14(2.01--2.29)2.57(2.39--2.77)2.54(2.36--2.73)Physical activityInactive1.001.001.001.001.001.00Moderately inactive0.78(0.74--0.82)0.79(0.75--0.82)0.78(0.73--0.84)0.79(0.73--0.84)0.77(0.72--0.82)0.77(0.72--0.83)Moderately active0.75(0.71--0.79)0.75(0.71--0.79)0.72(0.66--0.78)0.72(0.67--0.78)0.76(0.70--0.82)0.77(0.71--0.83)Active0.71(0.67--0.75)0.72(0.68--0.76)0.69(0.64--0.75)0.69(0.64--0.76)0.72(0.67--0.77)0.73(0.68--0.78)DietUnhealthy1.001.001.001.001.001.00Moderately unhealthy0.87(0.82--0.92)0.88(0.83--0.93)0.85(0.77--0.93)0.85(0.77--0.93)0.88(0.82--0.94)0.89(0.83--0.95)Moderately healthy0.80(0.75--0.85)0.81(0.76--0.87)0.78(0.70--0.86)0.79(0.71--0.87)0.80(0.74--0.88)0.82(0.75--0.90)Healthy0.75(0.70--0.81)0.77(0.72--0.83)0.73(0.66--0.82)0.75(0.67--0.83)0.76(0.67--0.85)0.78(0.69--0.88)Alcohol intake (drinks/day)01.58(1.47--1.70)1.58(1.47--1.70)1.46(1.33--1.61)1.46(1.32--1.60)1.90(1.70--2.12)1.91(1.71--2.14)0--0.51.17(1.10--1.25)1.18(1.11--1.25)1.13(1.04--1.22)1.13(1.04--1.22)1.26(1.14--1.38)1.27(1.15--1.39)0.5--11.001.001.001.001.001.001--20.97(0.91--1.04)0.97(0.91--1.04)0.98(0.90--1.08)0.98(0.89--1.08)0.97(0.89--1.07)0.97(0.88--1.07)2--61.07(1.00--1.14)1.06(1.00--1.13)1.16(1.05--1.27)1.15(1.04--1.26)1.04(0.96--1.14)1.03(0.95--1.13)\> 6 (women), 6--10 (men)1.51(1.38--1.66)1.47(1.34--1.62)1.72(1.38--2.15)1.63(1.31--2.04)1.48(1.32--1.65)1.45(1.29--1.62)\> 10 (men)2.47(2.12--2.88)2.40(2.06--2.79)2.43(2.07--2.85)2.38(2.02--2.79)Blood pressureNormal1.001.001.001.001.001.00Pre-hypertension1.03(0.97--1.09)0.99(0.93--1.04)1.04(0.96--1.11)1.00(0.93--1.07)1.04(0.95--1.14)0.99(0.90--1.08)Hypertension 11.19(1.12--1.26)1.12(1.06--1.19)1.16(1.07--1.26)1.10(1.02--1.19)1.24(1.13--1.37)1.15(1.05--1.27)Hypertension. 21.56(1.46--1.67)1.45(1.36--1.55)1.50(1.37--1.65)1.42(1.29--1.55)1.63(1.47--1.81)1.50(1.36--1.66)BMI (kg/m^2^)\< 201.62(1.48--1.76)1.47(1.33--1.63)1.98(1.70--2.30)20--21.91.17(1.09--1.25)1.10(1.01--1.20)1.25(1.13--1.40)22--24.9 (reference)1.001.001.0025--29.9 (overweight)0.98(0.94--1.03)1.03(0.96--1.10)0.97(0.91--1.03)30--34.9 (obese)1.16(1.09--1.23)1.05(0.95--1.15)1.26(1.16--1.37)35+ (very obese)1.61(1.47--1.76)1.55(1.38--1.75)1.76(1.54--2.01)Waist-to-hip ratio (fifths)11.001.001.0021.01(0.95--1.07)1.00(0.91--1.09)1.03(0.95--1.13)31.02(0.96--1.08)0.99(0.92--1.08)1.06(0.97--1.15)41.19(1.11--1.26)1.15(1.05--1.25)1.24(1.13--1.36)51.44(1.36--1.53)1.39(1.28--1.51)1.52(1.39--1.65)Estimates from flexible parametric survival models with attained age as the time-scale. Models included all listed covariates, as well as age at baseline attendance and country of recruitment. Overall estimates are also adjusted for sex. Model 1 includes BMI, whereas Model 2 includes waist-to-hip ratio as a measure of adiposity. Model 1 and Model 2 are otherwise identical

Attributable fractions {#Sec11}
----------------------

Attributable fractions (AF) for premature mortality were calculated overall and by sex, and also for never smokers and current smokers separately (Table [3](#Tab3){ref-type="table"}). Given the monotonic association between mortality and WHR, this was used as the primary measure of overweight and obesity, although all results were calculated using BMI also. The AF calculations represent "best-case" estimates based on the hypothetical removal of risk-elevating factors from the population entirely.Table 3Population attributable fractions of deaths prior to age 70 given the distribution of covariates in the EPIC cohort, using waist-to-hip ratio to assess for obesityAll participantsNever smokersCurrent smokersCovariate^a^Overall^b^Cumulative^c^Overall^b^Cumulative^c^Overall^b^Cumulative^c^Women and MenSmoking0.31 (0.31--0.32)0.31 (0.31--0.32)----0.56 (0.55--0.56)0.56 (0.55--0.56)Diet0.14 (0.12--0.16)0.41 (0.39--0.43)0.12 (0.10--0.14)0.12 (0.10--0.14)0.16 (0.13--0.18)0.63 (0.62--0.64)Overweight and obesity (WHR)0.10 (0.08--0.12)0.47 (0.45--0.49)0.10 (0.08--0.11)0.21 (0.18--0.23)0.10 (0.08--0.12)0.67 (0.66--0.68)High blood pressure0.09 (0.07--0.11)0.52 (0.50--0.54)0.09 (0.08--0.11)0.28 (0.25--0.31)0.08 (0.07--0.10)0.70 (0.69--0.71)Physical inactivity0.07 (0.05--0.09)0.56 (0.54--0.57)0.08 (0.06--0.10)0.34 (0.31--0.36)0.07 (0.05--0.09)0.72 (0.71--0.74)Alcohol intake0.04 (0.03--0.04)0.57 (0.55--0.59)0.02 (0.01--0.02)0.35 (0.32--0.37)0.05 (0.04--0.06)0.74 (0.73--0.75)Combined0.57 (0.55--0.59)0.35 (0.32--0.37)0.74 (0.73--0.75)WomenSmoking0.26 (0.25--0.26)0.26 (0.25--0.26)----0.55 (0.54--0.55)0.55 (0.54--0.55)Diet0.14 (0.11--0.16)0.36 (0.33--0.38)0.12 (0.09--0.15)0.12 (0.09--0.15)0.16 (0.13--0.19)0.62 (0.60--0.63)Overweight and obesity (WHR)0.07 (0.05--0.09)0.40 (0.38--0.43)0.07 (0.05--0.09)0.18 (0.15--0.22)0.07 (0.05--0.10)0.65 (0.63--0.66)High blood pressure0.10 (0.07--0.12)0.46 (0.43--0.48)0.11 (0.08--0.13)0.27 (0.23--0.30)0.09 (0.07--0.11)0.68 (0.66--0.70)Physical inactivity0.06 (0.03--0.09)0.49 (0.46--0.52)0.07 (0.03--0.10)0.32 (0.28--0.35)0.06 (0.03--0.09)0.70 (0.68--0.72)Alcohol intake0.02 (0.01--0.03)0.50 (0.47--0.53)0.01 (0.01--0.02)0.32 (0.28--0.36)0.03 (0.02--0.04)0.71 (0.69--0.72)Combined0.50 (0.47--0.53)0.32 (0.28--0.36)0.71 (0.69--0.72)MenSmoking0.37 (0.35--0.38)0.37 (0.35--0.38)----0.57 (0.56--0.57)0.57 (0.56--0.57)Diet0.13 (0.09--0.17)0.45 (0.43--0.48)0.13 (0.09--0.17)0.13 (0.09--0.17)0.14 (0.10--0.18)0.63 (0.61--0.65)Overweight and obesity (WHR)0.13 (0.11--0.16)0.53 (0.50--0.55)0.12 (0.09--0.14)0.23 (0.19--0.27)0.13 (0.11--0.16)0.69 (0.67--0.70)High blood pressure0.08 (0.05--0.12)0.57 (0.54--0.60)0.08 (0.05--0.12)0.29 (0.25--0.34)0.07 (0.04--0.11)0.71 (0.69--0.73)Physical inactivity0.07 (0.05--0.10)0.60 (0.57--0.63)0.07 (0.05--0.10)0.35 (0.30--0.39)0.07 (0.05--0.10)0.74 (0.72--0.75)Alcohol intake0.06 (0.05--0.07)0.63 (0.60--0.65)0.04 (0.02--0.05)0.37 (0.32--0.41)0.07 (0.06--0.09)0.76 (0.74--0.77)Combined0.63 (0.60--0.65)0.37 (0.32--0.41)0.76 (0.74--0.77)^a^Attributable fractions were calculated based on the difference in expected cumulative risk given the observed covariate distributions in EPIC and the expected cumulative risk under the following scenarios. Smoking: A population of never smokers. Diet: A population of people in the healthy category. Blood pressure: A population of people with normal blood pressure. High alcohol intake: A population who drink at most 1--2 drinks per day. Physical activity: A population of people in the active category. Overweight and obesity: A population of people with WHR below the lowest sex-specific quintile. These attributable risks thus represent a "best-case", in that they are calculated based on a hypothetical reference population with risk factors removed entirely^b^Estimated using predictions from a model mutually adjusted for all listed covariates as well as age at baseline. Attributable fractions are based on modifying one covariate at a time, with the distribution of the remaining covariates left as observed in EPIC^c^The cumulative attributable fraction after the sequential addition of each covariate

The AF for smoking was 31 % (26 % among women, 37 % among men, and 56 % among current smokers overall; Table [3](#Tab3){ref-type="table"}). For diet and WHR the AF was 14 % and 10 %, respectively. Overall, 9 % of premature deaths were attributed to high blood pressure, and the AFs for physical inactivity and high alcohol intake were 7 % and 4 %, respectively. The role of alcohol was more important among men than women (6 % vs. 2 %). When BMI was used instead of WHR, the effect of being overweight/obese was less apparent, with the AF estimated to be 3 % (Additional file [1](#MOESM1){ref-type="media"}: Table S3).

Because these risk factors co-vary to a large degree, it is not possible to sum up the AF estimates to come to an overall estimate. We can derive such an estimate by removing the effect of each risk factor consecutively, yielding a cumulative AF for a combination of risk factors. After accounting for the fraction of premature deaths attributable to smoking, an additional 10 % can be attributed to poor diet. Beyond this, an additional 6 % were attributed to overweight and obesity (WHR), and 5 % to high blood pressure (Table [3](#Tab3){ref-type="table"}). Overall, 52 % of all premature deaths can be attributed to these four factors. The two remaining factors (physical activity and alcohol intake) added an additional 5 %, resulting in a total AF of 57 %. The AF for premature mortality for all six exposures was 74 % among current smokers (56 % smoking) and 35 % among never smokers. The attributable fractions were similar for deaths prior to age 65 (Additional file [2](#MOESM2){ref-type="media"}: Table S4) and 75 years (Additional file [8](#MOESM8){ref-type="media"}: Table S5), and remained similar in sensitivity analyses including all participants with missing blood pressure (Additional file [9](#MOESM9){ref-type="media"}: Table S6).

Survival curves {#Sec12}
---------------

To estimate the effect that these risk factors can have on expected survival at an individual level, we compared survival curves for current smokers and non-smokers after further stratifying by whether they had otherwise "healthy" or "unhealthy" characteristics (Fig. [1](#Fig1){ref-type="fig"}). 'Healthy' was defined as a BMI of 22--25, having normal blood pressure, being moderately physically active, eating a healthy diet, and drinking one to two drinks per day. "Unhealthy" was defined as a BMI of 30--35, being physically inactive, eating an unhealthy diet, being hypertensive, and consuming more than two drinks per day. Comparison of the four groups indicated that 96 % of "healthy" non-smoking women (95 % CI, 96--97 %) and 95 % of "healthy" non-smoking men (95 % CI, 94--96 %) could be expected to survive to 70. Conversely, only 64 % (95 % CI, 60--67 %) and 79 % (95 % CI, 76--82 %) of smoking men and women with additional unhealthy characteristics, respectively, could be expected to live to this age. The two intermediate groups, smokers with otherwise healthy characteristics and 'unhealthy' non-smokers, had similar expected survival.Fig. 1Model-based survival curves by smoking status and other individual factors. "Healthy" participants are those with a body mass index (BMI) of 22--25 who are moderately active, have normal blood pressure, eat a healthy diet, and drink one to two drinks per day. "Unhealthy" participants are those with a BMI of 30--35 who are inactive, hypertensive, eat an unhealthy diet, and consume more than two drinks per day

Cholesterol and glycated haemoglobin {#Sec13}
------------------------------------

Based on the EPIC-Biomarkers sub-cohort of 10,524 individuals, including 469 premature deaths, an increased risk of premature mortality was seen across all four categories of TC:HDL (Additional file [10](#MOESM10){ref-type="media"}: Table S7), reaching a 63 % increase in the fourth (highest) compared with the first (lowest) quartile. Based on this modest sample size, the AF for TC:HDL was estimated to be 15 % (95 % CI, 7--23 %). Conversely, no apparent increase in risk was observed for higher levels of HbA1c.

Discussion {#Sec14}
==========

Our analysis of the primary causes of premature death among more than 250,000 European adults indicates that the four major risk factors are tobacco smoking, poor diet, obesity, and high blood pressure, which together account for over 50 % of premature deaths. Two other risk factors, physical inactivity and excessive alcohol consumption, have AFs of 7 % and 4 % of premature deaths, respectively. Our study also provides preliminary evidence for an important AF for high cholesterol levels, although the sample size was limited.

The GBD has derived similar estimates for the role of each exposure using an alternative modelling approach, relying largely on published estimates of effect for each exposure and estimates of exposure prevalence in each population \[[@CR1]\]. Their estimates of AFs for premature mortality for the European population provide broadly comparable estimates for smoking, poor diet and high blood pressure (Table [4](#Tab4){ref-type="table"}). However, the GBD estimates are approximately twice as high for excessive alcohol consumption (8 % vs. 4 %), and substantially higher for excessive body mass (14 % vs. 3 % based on BMI). Using WHR as a measure of obesity made the estimates more comparable (10 % based on WHR).Table 4Comparison of population attributable fractions (%, 95 % CI) from the Global Burden of Diseases analysis with those from the present EPIC analysisGBDEPICTobacco smoking25 (22--27)31 (31--32)Dietary risks23 (21--26)14 (12--16)High blood pressure15 (13--17)9 (7--11)High body mass index14 (12--15)3 (2--5)High waist-to-hip ratio--10 (8--12)Physical inactivity and low physical activity9 (8--11)7 (5--9)High alcohol use8 (7--9)4 (3--4)Estimates from the GBD are taken from the website <http://vizhub.healthdata.org/gbd-compare>. They are the estimated attributable fractions for death in Western Europe for the age range 50--69 years for each risk factor

There are three possible explanations for these differences. Firstly, the estimates of relative risk used in the calculations might differ -- indeed, we estimated modest relative risks for overweight and obesity and physical inactivity. Secondly, the distribution of the risk factors used for the GBD computations might differ from the distribution in EPIC which, for example, includes relatively few very heavy consumers of alcohol or very obese participants. This is a well-known phenomenon in prospective cohort studies, also called "healthy volunteer" effect. Finally, the reference or counterfactual distributions used for the AF calculations might differ. For instance, the GBD used a "theoretical minimum-risk exposure distribution". On the other hand, we have chosen to not necessarily use a theoretically "optimal" exposure distribution in all cases. For instance, using the lowest risk category for alcohol intake or BMI would involve an increase in alcohol intake or BMI in a proportion of the participants. Instead, we have focused on the AF for high alcohol intake and overweight and obesity per se. Low reported alcohol intake in particular is associated with substantially higher risk of death in EPIC, possibly due to the influence of former drinkers who quit for health reasons or misclassification of heavy drinkers \[[@CR23], [@CR27], [@CR39]\]. This misclassification would lead to an underestimation of the AF for alcohol in the EPIC study, and -- assuming that the GBD estimates do not suffer from the same problems -- may explain the difference between the EPIC and GBD estimates in this case.

On an individual level, the estimated conditional survival curves suggest smoking could have a similar effect on survival to age 70 to that of all other factors combined. Men who were smokers but possessed otherwise healthy characteristics had expected survival of 86 %, similar to the 83 % expected survival for men with unhealthy characteristics but who never smoked. For women, both smokers with otherwise healthy characteristics and unhealthy non-smokers also had similar expected survival (92 % and 90 %, respectively). These estimates reinforce the critical importance of smoking in terms of preventing premature death, and suggest it is as important as the other five major risk factors combined.

A strength of our approach is the ability to estimate AFs for important sub-groups, such as smokers and never smokers, and also the direct estimation of AFs for combinations of risk allowing for their interdependence. Interestingly, our results indicate that, for both current and never smokers, an equivalent proportion of premature deaths can be attributed to poor diet, hypertension, overweight and obesity, and physically inactivity.

The principal limitation of our study is the relatively small number of participants with available cholesterol and HbA1c measurements, leading to imprecise estimates of relative risks, prevalence, and AF for these factors. Further, given that all exposures were assessed only once at recruitment to the study, we could not assess the potential effects of changing exposures over time, such as quitting smoking, gaining or losing weight, or increasing physical activity. As such, our estimated AFs and survival functions cannot be interpreted as the expected effects on mortality if individuals were to change their lifestyle or diet, but rather reflect comparisons of individuals with a given, constant pattern of exposures, or hypothetical scenarios in which no-one in the population is exposed to a given risk factor. Similarly, with only one assessment of exposure we cannot assess the potential effects of measurement error, which are unlikely to be equal across the six factors (e.g. BMI and blood pressure are subject to only modest measurement error, especially compared with self-reported diet and physical activity), and can lead to under- or overestimates of the risk associated with specific risk factors. Finally, the participants in EPIC are not representative of the general European population and may have a different distribution of risk factors than other target populations. In addition to the participants not being a representative sample of any population at baseline, during the follow-up period, the participants have aged, so estimates presented here do not strictly represent the age group 40 to 70.

We choose to include individuals who reported a prevalent chronic disease condition at baseline (e.g. diabetes, heart disease, angina, or a previous diagnosis of cancer), as such a sample would be more representative of the underlying population. Excluding the 7 % of the cohort who did report a prevalent chronic disease at baseline did not have any substantial effect on our results. As an additional sensitivity analysis to evaluate the possibility of sick individuals changing their lifestyle habits relatively recently prior to interview, we also excluded the first 4 years of follow-up. Again, this exclusion did not substantially affect the results.

Conclusions {#Sec15}
===========

In summary, we used individual level data from a large European prospective cohort study to estimate the relative contributions of various factors to premature mortality both on the population level and the individual level. While smoking remains the predominant risk factor for premature mortality in Europe, poor diet, obesity, and hypertension also have a substantial additional effect. We also provided an estimate of the incidence of death prior to age 70 years that could be expected among an otherwise healthy non-smoking population (about 4 %). Our results indicate that it is of public health importance to persist and extend the fight against smoking as well as to promote healthy behaviour, including better diet, avoidance of overweight/obesity, physical activity, and blood pressure and blood lipid control with the aim of minimising premature mortality.
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